Introduction
Clinical experiences show that regeneration of parenchyma is limited in patients with chronic or acute renal failure [8, 9] . Due to that reason the question arises, which molecular processes hamper a diseased kidney to regenerate nephrons and to which degree such a process can be stimulated by the implantation of stem/ progenitor cells in combination with tissue engineering techniques and morphogenic drugs [12, 25] . Consequently, actual research is focusing on hormones or growth factors supporting in combination within smart biomatrices the development of stem/progenitor cells into renal parenchyma [1, 28, 38, 39, 48] .
Regeneration within a diseased environment
Actual literature shows that a process of regeneration may occur via a local drug released stimulation of non-diseased parenchymal cells or an activation of organ specific stem/progenitor cells [56] . A different strategy follows the idea that stem/progenitor cells are applied to promote a process of regeneration after infusion, accidental or focal injection into a diseased kidney [7, 45] . However, independently from the kind of activation regenerating cells are exposed to an irritating environment within the interstitium of a diseased kidney, where tubule cells undergo necrosis, apoptosis and detachment including denudation of the basal lamina [40] . At this unfriendly site stem/progenitor cells have first to terminate the process of degradation and turn it then into a process of regeneration. One of the presuppositions for regeneration is therefore the recreation of an optimal microenvironment within the interstitium suppressing inflammation but promoting cell proliferation and differentiation with subsequent spatial development of functional tubules.
Formation of spatially organized tubules
For steering therapeutically a process of regeneration exact information about kidney development is essential. In the meantime a multitude of papers is available dealing with renal organ anlage and the related primary reciprocal interactions between the ureter bud and the surrounding nephrogenic mesenchyme [11, 14] . Thus, the primary step in kidney organogenesis and the formation of Comma-shaped bodies as first visible signs of nephron formation are intensively investigated. In contrast, up to date surprisingly little knowledge is available concerning the consecutive development of spatial tubule formation [21] . Except for phosphoinoside-3-kinase [27] , mTOR signalling [22] and crumbs complex [46] the molecular mechanisms leading to nephron segmentation and functional maturation are unknown [20] . Also the formation of spatially structured tubules is up to date not understood [42] . The following developmental period comprises the sprouting of cells, the formation of a lumen and the elongation of the individual nephron segment. During proceeding development a highly specialized epithelium is integrated into a tubule exhibiting exact geometrical dimensions such as length, inner and outer diameter [24, 30] . It has to be elaborated if the formation of a renal tubule lumen arises by wrapping, budding, cavitation or hollowing [44] . Finally, during the last phase of nephron development unknown molecular mechanisms trigger microarchitectural features such as straight course, length, convolution or branching of a tubule resulting in a continuous expansion during organ growth.
Aim of present experiments
A challenge for future biomedicine is the repair of diseased renal parenchyma by implanted stem/progenitor cells [7, 56] . Following this strategy stem/progenitor cells are transferred from a more or less comfortable in-vitro environment to the harmful atmosphere within a diseased kidney. Here the implanted cells are surrounded by the interstitial fluid, where they are exposed to a multitude of biologically active molecules including a mixture of steroid hormones. In consequence, to obtain first information about the influence of steroid hormones on the development of renal stem/progenitor cells, the present culture experiments were performed. The presented data provide new information that aldosterone is promoting the development of tubules, while a set of steroid hormones interferes this process leading to malformation in form of cell islets and clusters.
Material and Methods

Source of stem/progenitor cells
Due to the limited size of embryonic mouse or rat specimens, neonatal rabbit kidney was selected as a favorite model [32] . Even after birth the cortex of the kidney contained numerous stem cell niches within their original extracellular environment. Underneath the organ capsule two different kinds of stem/progenitor cell populations could be recognized [47] . Within the tip of the collecting duct ampulla epithelial stem/progenitor cells were found. Around each ampulla, numerous mesenchymal nephrogenic stem/progenitor cells were located.
Isolation of tissue containing renal stem/progenitor cells
Surprisingly, both epithelial and mesenchymal stem/progenitor cell populations did not stand in close contact to each other but were separated by a wide interstitial space [49] . Due to the lack of strong extracellular matrix fibers the embryonic tissue containing stem/progenitor cells was therefore easily accessible for isolation [32] . Stripping off the capsula fibrosa with fine forceps a thin layer of stem/progenitor cells adhered to the explant (Figure 1a ). Applying this simple isolation method an embryonic tissue layer of up to 1 cm 2 in square could be harvested. Up to date no other species is known for the isolation of renal stem/progenitor cells in such an amount necessarily needed for subsequent cell biological analysis.
Creation of an artificial interstitium
For following culture experiments the isolated layer containing stem/progenitor cells was placed between two punched out pieces of polyester fleece (I7, Walraf, Grevenbroich, Germany) (Figure 1b ). This arrangement resulted in a sandwich set-up measuring 5 mm in diameter as earlier shown [33, 38, 43] . To prevent damage during culture the sandwich set-up was kept inside a perfusion culture container. For mounting a base ring of a Minusheet ® tissue carrier (Minucells and Minutissue, Bad Abbach, Germany) with 13 mm inner diameter was used. First a polyester fleece measuring 13 mm in diameter was placed inside the tissue carrier. Then the sandwich set-up containing renal stem/progenitor cells was inserted. Finally, The sandwich set-up containing renal stem/progenitor cells was then placed in a culture container. Long term perfusion culture was performed with a peristaltic pump transporting always fresh medium (1.25 ml/h) from the storage bottle to the culture container and then to the waste bottle. another fleece with 13 mm in diameter was placed on top. The tissue carrier was then transferred to a perfusion culture container with horizontal flow characteristics (Minucells and Minutissue). By closing the lid of the perfusion container the sandwich set-up was fixed in an exact position during culture.
Perfusion culture
For maintaining a constant temperature of 37°C the perfusion culture container was placed on a thermoplate (Medax-Nagel, Kiel, Germany) (Figure 1c) . For a period of 13 days always fresh medium was continuously transported at a rate of 1.25 ml/h with an IPC N8 peristaltic pump (Ismatec, Wertheim, Germany). Applying this method medium was saturated up to 190 mmHg oxygen during transport. This content of oxygen was reached by a long thin-walled silicone tube, which is highly gas-permeable. It guaranteed optimal diffusion of respiratory gas between culture medium and surrounding atmosphere. In this way it was possible to adjust the gas partial pressures within the medium under absolutely sterile conditions. By adding a defined amount of biological buffer such as HEPES (GIBCO/ Invitrogen, Karlsruhe, Germany) to the medium this method could be employed to control medium pH irrespectively if the system ran in a CO 2 -incubator or under atmospheric air.
Culture medium
For the generation of renal tubules chemically defined IMDM (Iscove´s Modified Dulbecco´s Medium) including Phenolred (GIBCO/Invitrogen) was used [26] . Infections were prevented by adding an antibiotic-antimycotic cocktail (1%, GIBCO/Invitrogen). To induce tubulogenic development aldosterone (1 x 10 -7 M, Fluka, Taufkirchen, Germany) was administered. All other steroid hormones and metabolites were applied in the same concentration (1 x 10 -7 M). Cholesterol, pregnenolone, progesterone, 11-deoxycorticosterone, corticosterone, 17-α-hydroxyprogesterone, dihydrotestosterone, testosterone, 17-β-estradiol and dexamethasone were obtained from Sigma-Aldrich, Taufkirchen, Germany. Data for 18-hydroxycorticosterone is lacking, since this substance was commercially not available.
Histochemistry
Whole mount specimens or cryosections of 20 µm thickness were fixed in ice-cold ethanol. After washing with phosphate buffered saline (PBS) the specimens were blocked with PBS containing 1% bovine serum albumin (BSA) and 10% horse serum for 30 minutes. For Soybean Agglutinin (SBA, Vector, Burlingame, USA) -labeling the samples were exposed to fluorescein-isothiocyanate (FITC) -conjugated lectin diluted 1:1000 in blocking solution for 45 minutes as earlier described [35] . For immunohistochemistry following primary antibodies were applied for 1h in blocking solution: mab anti-collagen type III (III-53, Calbiochem, Schwalbach, Germany); mab anti-Na/K ATPase α5, mab anti-cytokeratin endo-A (TROMA-I) (Developmental Studies Hybridoma Bank, Department of Biological Sciences, University of Iowa City, Iowa, 52242, USA under contract NO1 -HD -7-3263 from the National Institute of Child Health and Human Development), mab anti-cingulin and mab anti-cytokeratin 19 (Progen Biotechnik, Heidelberg, Germany) and mab anti-laminin γ1 (kindly provided by Prof. Dr. L. Sorokin, Lund, Sweden). The primary antibodies were applied for 1h in blocking solution after washing with PBS. The specimens were then incubated for 45 minutes with donkey-anti-mouse-IgG-fluorescein-isothiocyanate, goat-anti-ratIgG-rhodamine or donkey-anti-guinea-pig-IgG-fluoresceinisothioIcyanate (Jackson Immunoresearch Laboratories, West Grove, USA) diluted 1:50 in PBS containing 1% BSA. Following several washes with PBS the sections were embedded with Slow Fade Light Antifade Kit (Molecular Probes, Eugene, USA) and then analyzed using a LSM 710 confocal fluorescence microscope or an Axioskop 2 plus microscope (Zeiss, Oberkochen, Germany). Fluorescence images were taken with a digital camera at a standard exposure time of 1.3 seconds and thereafter processed with Corel DRAW 11 (Corel Corporation, Otawa, Canada). The counting of tubules was performed with a WCIF Image J morphometric program (Bethesda, Maryland, USA).
Amount of cultured specimens
A total of 138 embryonic renal explants was maintained in culture for the present study. All of the experiments were performed at least in triplicates. The data provided in the text are the mean of at least three independent experiments. Performed experiments are in accordance with the Animal Ethics Committee, University of Regensburg, Regensburg, Germany.
Results
Stem/progenitor cells are promising candidates for the regeneration of diseased renal parenchyma. However, after an implantation is made the stem/progenitor cells are exposed to the interstitial fluid containing a multitude of bioactive molecules including various steroid hormones. Since the influence of steroid hormones on renal stem/progenitor cells is not known, the following sets of culture experiments were performed.
Tubulogenic effect of aldosterone
After a culture period of 13 days the artificial interstitium was opened by tearing off the fleece layers. The spatial area for tissue development between the fleeces was 5 mm in diameter and up to 250 µm in height. To recognize extend of tubule development, whole mount label was performed by fluorescent Soybean Agglutinin (SBA).
Spatial development:
Interestingly, SBA-label on all cells was lacking and a disintegration of tissue is noticed, when perfusion culture of renal stem/progenitor cells was performed in chemically defined IMDM without steroid hormone administration (Figure 7a ). In contrast, application of aldosterone (1 x 10 -7 M) led to development of numerous SBA-labeled tubules ( Figure 2 ) [23] .
To obtain information about the number of generated tubules a WCIF Image J program was used. Applying this technique at an individual example showed 120 tubules within a microscopic opening of 886 x 729 µm (Figure 2a ). Fluorescence microscopy of SBA-labeled specimens further demonstrated that tubules were growing in a spatial arrangement. Part of them illustrated a straight forwarded growth, while others reveal a dichotomous branching or curling. If the tubules did not leave the optical plain, it was possible to follow their longitudinal growth over a distance between 300 and 400 µm. Labeled specimens further showed that generated tubules were exhibiting polarized cells, a visible lumen and a basal lamina (Figure 2b,c) .
Features of differentiation:
Performing immunohistochemistry more details about cellular differentiation within generated tubules were obtained. Label on cryosections showed reaction for cingulin at the tight junctional belt of tubule cells (Figure 3a) . Within the cytoplasm cytokeratin 19 ( Figure 3b ) and cytokeratin endo-A (TROMA-I, Figure 3c ) were detected. Bright reaction for Na/K-ATPase α5 could be recognized at the basolateral plasma membrane ( Figure  3d ). Strong reaction for laminin γ1 was visible at the basal lamina (Figure 3e ). Most interestingly, intense label for collagen type III was found both in the basal lamina of generated tubules and in the surrounding interstitial space (Figure 3f ).
Ultrastructural characteristics:
An artificial interstitium replaced coating by extracellular matrix proteins. Since the surface was not sticked by proteins derived from a coating process, it was possible to analyze the basal aspect of generated tubules by scanning electron microscopy (SEM) [5] . The overall view demonstrated that generated tubules had only a loose contact to the fibers of the polyester fleece (Figure 4a ). In part tubules developed in a parallel fashion, in other cases curling or dichotomous branching was observed. All of the tubules were covered by an intact basal lamina. On the outer surface of the basal lamina interstitial cells and bundles consisting of newly synthesized collagen and other extracellular matrix proteins were recognized.
Transmission electron microscopy (TEM) depicted that tubules were encountered in the neighbourhood of the polyester fleece fibers [37] . In the surrounding of a tubule synthesized extracellular matrix fibers and single interstitial cells were found. A crosssectioned view revealed that generated tubules contain a polarized epithelium (Figure 4b ). The apical plasma membrane of isoprismatic cells bordered a lumen. The cells contained a large nucleus in the center. In the cytoplasm numerous lysosoms are found. Neighbouring epithelial cells were connected by a tight junctional belt consisting of a typical zonula occludens, zonula adhaerens and a desmosome. The basal lamina was consistently developed and exhibited a lamina rara interna, lamina densa and lamina fibroreticularis (Figure 4c ). 
Exclusive action of aldosterone
Earlier and present findings illustrated that aldosterone acts as a morphogenic factor [52] . To obtain more detailed information about the tubulogenic effect on renal stem/progenitor cells, aldosterone was applied in concentrations ranging from 1 x 10 -10 M to 1 x 10 -5 M ( Figure 5) . The experiments revealed that a low dose of 1 x 10 -10 M aldosterone did not stimulate the development of SBA-labeled tubules (Figure 5a) . A concentrations of 1 x 10 -9 M (Figure 5b ) of aldosterone resulted in cell islets, while administration of 1 x 10 -8 M (Figure 5c ) stimulated growth of SBA-labeled cells forming islets and single tubules. Intact formation of tubules was obtained, when 1 x 10 -7 M (Figure 5d ) and 1 x 10 -6 M (Figure 5e ) aldosterone was present in the medium. Application of a higher dose of aldosterone (1 x 10 -5 M) did not better stimulate the development of tubules (Figure 5f ). Thus, the data showed that aldosterone stimulated development of tubules in a concentration-dependent manner reaching under perfusion culture in chemically defined medium a maximum at 1 x 10 -7 M.
From the adult kidney it is known that not only aldosterone but also the precursors of aldosterone synthesis show an affinity to the mineralocorticoid receptor (MR) influencing thereby physiological functions. For example, 11-deoxycorticosterone is as effective as aldosterone on MR [50] , while corticosterone is 100 times less potent [18] . To investigate the tubulogenic effect of precursors of the aldosterone synthesis pathway the following experiments were performed ( Figure 6 ). 
Involvement of MR
To elaborate, if the tubulogenic effect of aldosterone was mediated via MR binding, aldosterone was applied in combination with antagonists such as spironolactone and canrenoate (no figure; see [37] 
Interfering the tubulogenic signal within the cytoplasm
Earlier performed experiments demonstrated that MR is not randomly distributed within the cytoplasm of the target cell but stayed in close molecular contact with heat shock proteins (hsp) 90 and 70 [3, 41] . To investigate this specific contact site renal stem/progenitor cells were cultured without aldosterone (Figure 7a ) or treated with aldosterone (Figure 7f ) or in combination with substances (Figure 7b e) that disrupt the molecular interactions between MR and hsp.
Geldanamycin specifically binds to hsp 90 thereby blocking the ATP-binding site due to its higher affinity compared to ATP. In this way it hinders the contact between hsp 90 and activated MR [55] . In consequence, renal stem/progenitor cells were cultured in IMDM containing geldanamycin (3.6 x 10 -6 M) and aldosterone (1 x 10 -7 M) for 13 days (Figure 7b ). Structured tubules were not found in this set of experiments, instead numerous SBA-labeled cells were localized within extended clusters as earlier demonstrated [38] .
Radicicol is a macrocyclic antifungal substance which binds in the same way as geldanamycin, thereby hindering ATP-dependent conformational changes of hsp 90. These changes are required for cytoplasmic interactions between target proteins such as MR [13] . When renal stem/progenitor cells were cultured with radicicol (1 x 10 -6 M) in combination with aldosterone (1 x 10 -7 M) only single tubules, but numerous SBA-labeled cells within extended clusters were found (Figure 7c 
Distinct steroid hormones prevent tubulogenic development
Actual experiments clearly demonstrated that both incomplete stimulation of MR by low concentrations of antagonists or disturbance of the contact site between MR and hsp prevented tubule formation leading to aggregation of SBA-labeled cells within cell islets or extended clusters. To obtain more insights in this phenomenon a set of further steroid hormones was tested (Figure 8 ).
One may assume that the tubulogenic development can be evoked by steroid hormones showing affinity to both the glucocorticoid receptor (GR) and MR. However, administration of 11-deoxycorticosterone (1 x 10 -7 M, Figure 6d ) produced SBA-labeled cells within islets, while in corticosterone (1 x 10 -7 M, Figure 6e ) treated specimens SBA-labeled cell within extended clusters was noticed. Also application of dexamethasone (1 x 10 -7 M) produced atypical aggregation of SBA-labeled cells in form of clusters, while development of tubules was not observed (Figure 8.f) .
Beside glucocorticoids the influence of other steroid hormones on renal stem/progenitor cells was tested. In this last set of experiments the pattern of reactions could be asorted to four different categories. Figure 8e ) resulted in the formation of extended SBA-labeled cell clusters. In contrast, the exclusive use of aldosterone (1 x 10 -7 M) led to the development of intact SBA-labeled tubules, while formation of cell islets and clusters was prevented (Figure 8g ).
Discussion Needing a three-dimensional in vitro model
Intense research has to be performed to obtain the necessary cell biological information about regeneration of parenchyma within a chronically diseased kidney. However, due to the complex microarchitecture of the organ experiments on animals are difficult to perform. As an alternative advanced in vitro experiments can be made to obtain new insights in the action of hormones promoting or disturbing the process of regeneration.
It is obvious that in vitro experiments related to organo-typical regeneration cannot be performed in a conventional dish. For example, renal tubule segments were isolated and placed at the bottom of a culture dish [2, 51] . Administration of a culture medium containing fetal bovine serum did not result in the elongation of the isolated tubule segment. In contrast, epithelial cells started to migrate, left the interior of the tubule and sprouted on the bottom of the culture dish or on the outer side of the basal lamina. Although the cells appeared vital, essential environmental parameters were missing so that the isolated tubule could not elongate. 
Improvement of extracellular environment
To simulate an advanced environment for epithelia, renal cells were cultured within a filter insert to offer a substitute for the basal lamina [6, 19, 51] . In this kind of experiments it depended on the selected filter material, on pore size and on surface coating with extracellular matrix proteins, if a confluent growth in combination with an optimal polarization and functionality of the epithelial cells was obtained. Problematic was that the filter culture produced two-dimensional epithelial cell layers, while spatial development of tubules was not observed.
In advanced experiments MDCK cells were coated by extracellular matrix proteins to improve the spatial environment [15, 54] . Using this type of protocol formation of cysts and tubules was observed after a few days of culture. However, for long term culture experiments the three-dimensional collagen coating is problematic. It does not support an optimal exchange of nutrition and respiratory gas leading to the formation of unstirred layers of fluid causing in turn a deleterious accumulation of metabolites.
Providing an artificial interstitium
When regeneration is simulated in culture, the environment has to meet the physiological needs of renal stem/progenitor cells so that spatial development of tubules is promoted. To substitute coating by extracellular matrix proteins, renal stem/progenitor cells can be mounted between layers of a polyester fleece (Figure 1b) . This technique creates an artificial interstitium [33, 34, 37, 38] . The interface between the fleece layers promotes the spatial development of tubules, while the space between the fleece fibers supports continuous exchange of nutrition and respiratory gas (Figure 1c, 2) .
Keeping renal stem/progenitor cells within an artificial interstitium it was demonstrated that development of tubules was exclusively induced after application of aldosterone (1 x 10 -7 M) ( Figure 2, 3, 4) . The tubulogenic effect of aldosterone appeared to be specific, since the mineralocorticoid acted in a dose dependent manner ( Figure 5 ). Higher concentrations of antagonists such as spironolactone and canrenoate completely abolished the tubulogenic effect of aldosterone (no figure, see para "Involvement of MR", [35] .
However, lower concentrations of antagonists or inference between MR and hsp 90 and 70 ( Figure 7 ) drastically reduced formation of tubules shifting the development to atypical cell islets and clusters.
Switch between tubule, islet and cluster development
Testing a set of different steroid hormones on renal stem/ progenitor cells revealed a developmental pattern, which could be assorted to four different categories (Figure 9 ). Cholesterol ( Figure  6a ) and 17-α-hydroxyprogesterone (Figure 8a ) did not exhibit tubulogenic action and did not show a visible SBA-label on cultured specimens. Atypical aggregation of SBA-labeled cells in form of small islets was found after treatment with pregnenolone (Figure 6b Figure 6g ). In contrast, treatment with aldosterone was leading to intact tubules (Figure 6f, 8g ). In conclusion, the presented data point out that aldosterone exhibited a tubulogenic effect on renal stem/progenitor cells, while development was severely disturbed by a series of other tested steroid hormones ( Figure 6, 8, 9 ).
Up to date no information is available about the molecular mechanisms switching between typical tubule development ( Figure  2, 3, 4 , 5d-f, 6f, 7f, 8g) and atypical formation of cell islets ( Figure  6b-d, 8b ) or extensive clusters (Figure 6e, 7b-e, 8c-f ). An explanation might be that unspecific binding of steroid hormones may destabilize the mineralocorticoid receptor [10] or that different steroid hormones may selectively modulate the mineralocorticoid function [4] . A further idea is that aldosterone is acting over a classical MR and a non-classical receptor [29] . Finally, proteins may interact with the cytosolic mineralocorticoid receptor depending on the presently binding ligand [53] . An alternative pathway for MR activation may be Rac1, a small GTP-binding protein [17] .
In the present experiments it was further demonstrated that both undisturbed binding of aldosterone to MR and constant contact between MR to hsp 90 and 70 led to the development of intact tubules (Figure 7f ). Interfering the contact site between MR and hsps by geldanamycin (Figure 7b A challenge in future biomedicine is to implant stem/progenitor cells to initiate regeneration of diseased parenchyma within the kidney [21, 45, 56] . It appears most probable that stem/progenitor cells are not injected as a cell suspension but are administered within a nanostructure fleece material to concentrate at the site of damage and to facilitate the start of regeneration [16, 38, 43] . In this case it has to be considered that both the artificial interstitium and a variety of steroid hormones occurring in the interstitial fluid may influence the progress of regeneration. To the best of our knowledge, it is the first time that an interference of steroid hormones on development of stem/progenitor cells was demonstrated. The harmful influence of individual steroid hormones contained in the interstitial fluid of the kidney may be one of the reasons that implanted stem/progenitor cells show up to date a limited survival after implantation [7] .
Experiments are in progress to compensate harmful effects 
